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ABSTRACT
We propose that a b-turn-b structure, which plays a critical role in exonucleolytic proofreading in the
bacteriophage T4 DNA polymerase, is also present in the Saccharomyces cerevisiae DNA pol d. Site-directed
mutagenesis was used to test this proposal by introducing a mutation into the yeast POL3 gene in the
region that encodes the putative b-turn-b structure. The mutant DNA pol d has a serine substitution in
place of glycine at position 447. DNA replication fidelity of the G447S-DNA pol d was determined in
vivo by using reversion and forward assays. An antimutator phenotype for frameshift mutations in short
homopolymeric tracts was observed for the G447S-DNA pol d in the absence of postreplication mismatch
repair, which was produced by inactivation of the MSH2 gene. Because the G447S substitution reduced
frameshift but not base substitution mutagenesis, some aspect of DNA polymerase proofreading appears
to contribute to production of frameshifts. Possible roles of DNA polymerase proofreading in frameshift
mutagenesis are discussed.
DNA polymerases replicate DNA with high accuracy primer end with the incorrect nucleotide is separateddue to their ability to discriminate between “right” from the template strand and transferred to the exonu-
and “wrong” nucleotides in the nucleotide incorpora- clease active center where hydrolysis takes place. The
tion reaction and due to exonucleolytic proofreading, G255S-DNA polymerase is slow to form the partially strand-
which removes misinserted nucleotides. We used a ge- separated editing complex compared to the wild-type T4
netic approach to study proofreading by the bacterio- DNA polymerase (Marquez and Reha-Krantz 1996;
phage T4 DNA polymerase, a model for a large family Baker and Reha-Krantz 1998). Structural studies show
of DNA polymerases that includes the human DNA poly- that residue G255 resides in the loop of a b-turn-b struc-
merase d (Spicer et al. 1988; Tsurimoto and Stillman ture in the exonuclease domain of the T4 DNA polymer-
1990). Several T4 DNA polymerase mutations were iden- ase (Wang et al. 1996) and a glycine residue is also found
tified as suppressors of the excessive proofreading activ- in the same position in the closely related bacteriophage
ity produced by antimutator DNA polymerases (Stocki RB69 DNA polymerase (Shamoo and Steitz 1999). We
et al. 1995). The proofreading suppressor mutants are proposed that the b-hairpin structure may act as a wedge
called “active-site-switching” mutants because they affect between the template and primer strands to drive the equi-
the ability of the T4 DNA polymerase to switch between librium between base pairing and strand separation to-
polymerase and exonuclease activities. The goal of stud- ward denaturation (Marquez and Reha-Krantz 1996).
ies presented here is to identify active-site-switching mu- This proposal was confirmed recently by structural stud-
tants in other DNA polymerases, specifically the DNA ies of the RB69 DNA polymerase editing complex (Sha-
pol d of Saccharomyces cerevisiae. moo and Steitz 1999). The b-hairpin projects into the
The most frequently identified T4 DNA polymerase junction between the template and primer strands in posi-
active-site-switching mutant has a serine substitution for tion to stabilize the partially strand-separated structure.
glycine at position 255, the G255S substitution. The T4 The participation of the b-hairpin structure in form-
G255S-DNA polymerase and other active-site-switching ing the strand-separated editing complex is a critical step
mutants are not defective in cleaving the phosphodies- in the T4 DNA polymerase proofreading pathway. The re-
ter bond; instead, these mutants are impaired in one duced ability of the T4 G255S-DNA polymerase to form
or more earlier steps in the proofreading pathway that
editing complexes means reduced proofreading and
prepare the primer terminus for the hydrolysis reaction.
increased DNA replication errors. A strong mutator phe-Proofreading begins with recognition of a mismatched
notype is observed for the T4 G255S-DNA polymerase inbase pair in the polymerase active center and then the
vivo, similar in magnitude to mutant T4 DNA polymerases
with amino acid substitutions in the exonuclease active
center that prevent the hydrolysis reaction (Reha-Krantz
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tional spectra in yeast: The forward mutation rate at the CAN1tive in inhibiting proofreading as prevention of the hy-
locus was determined by innoculating 20 colonies of eachdrolysis reaction.
strain into 5 ml of liquid growth medium (YPD) and growing
Given the importance of the b-hairpin structure for the cultures to saturation. Each culture was washed once with
proofreading by the T4 DNA polymerase, we have car- 1 ml of sterile distilled water. The number of Canr mutants
was determined by plating appropriate dilutions onto solidried out a series of genetic experiments with the DNA
synthetic minimal medium lacking arginine and containingpol d of S. cerevisiae to determine if this DNA polymerase
60 mg/liter canavanine. Each culture was also titered ontohas a similar structure that functions in proofreading.
complete minimal medium without canavanine to determine
Eukaryotic DNA pol d is the major replicative DNA the viable cell count.
polymerase in the cell and DNA pol d also functions in Cultures were prepared in a similar manner for determining
the rate of his7-2 reversion. The number of His1 revertantsDNA repair (Waga and Stillman 1998). Thus, studies
was determined by plating appropriate dilutions onto minimalreported here can provide information about the mech-
medium lacking histidine and the viable cell count was deter-anism for production of DNA polymerase-induced er-
mined by plating onto complete minimal medium.
rors during chromosome replication and during repair Mutation rates for each experiment were determined by
of damaged DNA. using the method of the median (Lea and Coulson 1949). The
rates reported for canavanine resistance represent the aver-
ages from two experiments using 20 independent cultures
MATERIALS AND METHODS each. The rates reported for His1 reversion were based on the
results of one 20- and one 10-culture experiment. Statistical
Protein sequence alignments: DNA polymerase protein se- comparisons were performed as described (Wierdl et al. 1996).
quence comparisons were performed by using the PepTools The mutations present in individual Canr isolates were iden-
software (BioTools, Edmonton, Alberta, Canada). tified by sequencing a PCR-amplified copy of the 1.8-kb CAN1
Construction of yeast strains: All yeast strains used for this gene made by using the primers CAN1UP (59 CAGAGTTCTT
study were derived from MS71 (Strand et al. 1995), a Leu1 CAGACTTC) and CAN1DOWN (59 AGGGTGAGAATGCGA
derivative of AMY125 (a ade5-1 leu2-3,112 trp1-289 ura3-52 his7- AAT). Three separate primers were used to sequence this frag-
2), obtained from A. Morrison and A. Sugino, Osaka Univer- ment: CAN1583C, corresponding to nucleotides 602 to 583 of
sity, Osaka, Japan. Strains EAS74 (msh2) and EAS38 (msh6) the CAN1 open reading frame (59 AGTGGAACTTTGTACG
were described previously (Sia et al. 1997). EAS56 is a MATa TCCA); CAN1552, corresponding to nucleotides 533 to 552
derivative of EAS74 and EAS48 is a MATa derivative of EAS38. (59 CAATCACTTTTGCCCTGGAA); and CAN1DOWN (se-
MIH1 (pol3-447) was constructed by first subcloning 2.2 kb quence given above).
of the 59 end of the POL3 (DNA pol d) gene from the full- The sequences of His1 revertants were determined by sequenc-
length gene. The full-length gene was obtained from a plasmid ing a PCR fragment containing this region. This fragment was
provided by Peter Burgers (St. Louis). Greater plasmid stability amplified using primer F1, corresponding to positions (256)
in bacteria was obtained with this partial POL3 construct, to (234) relative to the HIS7 open reading frame (59 GAAGT
which contains the exonuclease domain. Site-directed muta- AGCAGTATCCAGTTTAGG), and primer R1, corresponding
genesis to produce the G447S substitution was done by the to positions 886 to 865 (59 ATGTTACTTCATCCGCACCCTG).
method of Kunkel (1985a). Sequencing was done to confirm Sequencing was performed using the R1 primer.
the presence of the mutation and then the mutant pol3 gene Determination of spontaneous mutation frequencies in bac-
fragment was subcloned into the yeast-integrating plasmid, teriophage T4: Bacterial and T4 strains and culture conditions
YIp5. A yeast strain expressing the mutant allele pol3-447 was have been described (Reha-Krantz and Nonay 1993; Stocki
created by targeted integration of the mutant pol3 gene frag- et al. 1995). DNA replication fidelity was determined by rever-
ment into the chromosomal POL3 gene of strain MS71 (Roth- sion tests using rII mutations that revert by defined mutational
stein 1983). Southern blotting was used to confirm integra- pathways. The rUV199oc mutant reverts primarily by an AT →
tion of the plasmid in the transformant and restoration of a GC transition mutation (Reha-Krantz 1995); the rIIP7oc mu-
single gene copy after recombination. The DNA pol d gene tant reverts by AT → TA or AT → CG transversion mutations
was sequenced to verify the presence of the mutation that (Ripley 1975); and the rII131 and rII117 mutants revert pri-
encodes the G447S substitution and the absence of other marily by 11 frameshift mutations in tracts of five As, (A)5 →mutations (Hadjimarcou 1999). (A)6, to restore the wild-type sequence (Pribnow et al. 1981;RJK224 (pol3-447 msh2) was derived by sporulating the dip- data reported here). The rII131 and rII117 alleles are the
loid formed by crossing haploid strains MIH1 and EAS56. classic hotspot sites in the rII genes (Benzer 1960). Ten or
RJK346 (pol3-447 msh6) was derived by sporulating the diploid more independent phage cultures for each of the DNA poly-
formed by crossing the haploid strains MIH1 and EAS48. The merase-rII combinations were grown for each reversion test.
msh2 and msh6 genotypes were identified by PCR analysis as The cultures were titered for the total number of phage and
described previously (Sia et al. 1997). Spore colonies were for the number of rII1 revertants. The median values are re-
analyzed for the presence of the POL3 genotype by two sepa- ported. The sequence of the rII131 and rII117 revertants was
rate PCR reactions. One reaction, capable of amplifying the done by sequencing the transcripts (McPheeters et al. 1986)
POL3 sequence but not the pol3-447 sequence, utilized an up- using the primer (59 GAAACAATACGGAATTTCTTGG), which
stream primer from open reading frame positions 1318 to anneals 26 nucleotides from the rII131 site, and the primer
1340 of POL3 (59 GTGTTCTCTTCGAAGGCTTATGG) and a (59 CCTTCAATTCGAACATCGCC), which anneals 35 nucleo-
downstream primer from positions 1860 to 1836 (59 GTGCGC tides from the rII117 site.
CATCATAATACTTGGATAT). The 39 terminal GG nucleo-
tides of the upstream primer (shown in boldface) correspond
to the nucleotides that are altered to TC in the pol3-447 allele.
RESULTSConversely, the second PCR reaction utilized the same down-
stream primer as the first reaction with an upstream primer
Identification of the G255-type b-hairpin in other DNAspecific to the pol3-447 sequence (59 GTGTTCTCTTCGAAGG
polymerases by protein sequence comparisons: FromCTTATTC).
Determination of spontaneous mutation rates and muta- protein sequence similarities we proposed that the G255
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Figure 1.—DNA polymerase protein sequence alignments in the region of the b-hairpin loop. Structure has been determined
for the T4 (Wang et al. 1996), RB69 (Wang et al. 1997; Shamoo and Steitz 1999), and DTOK DNA polymerases (Zhao et al.
1999). Helical structures are indicated by the a and b-strands are indicated by the b. The sequences of the T4, RB69, and DTOK
DNA polymerases are aligned with proposed similar sequences in the Vent DNA polymerase, the E. coli DNA pol II, and in the
yeast and human DNA pol d’s. The star indicates G255 in the T4 DNA polymerase. Apparent conserved amino acids found in
all of the DNA polymerases compared are indicated by large boldface letters. Amino acids that are found in most of the DNA
polymerases are underlined. The EXO designation indicates the conserved Asp residue that binds a divalent metal ion in the
exonuclease active center. The R/K designation indicates the position of Arg260 in the RB69 DNA polymerase, which extends
from the b-hairpin into the junction between the separated primer and template strands in the editing complex.
b-hairpin in the T4 DNA polymerase may be conserved pol d’s. The b-hairpin is followed by a short b-strand
and two a-helices; conserved Gly, Asp, and Leu residues,in the yeast and human DNA pol d’s (Stocki et al. 1995;
Marquez and Reha-Krantz 1996). This proposal was which demarcate these structures in the T4, RB69, and
DTOK DNA polymerases, appear to be present in thestrengthened by recent structural studies of the thermal
stable archaeal DNA polymerase from the Desulfurococ- other DNA polymerases. In the RB69 DNA polymerase
editing complex, residue Arg260 projects into the junc-cus strain TOK (Zhao et al. 1999). A b-hairpin is present
in the exonuclease domain of the DTOK DNA polymer- tion where the single-stranded primer terminus is sepa-
rated from the template strand (Shamoo and Steitzase in the same relative position as observed for the T4
and RB69 DNA polymerases. Protein sequence compari- 1999). A basic Arg or Lys residue is found at this position
in the DNA polymerases compared, except for the Ventsons of the T4, RB69, and DTOK DNA polymerases
using the PepTools alignment program from BioTools DNA polymerase, which has a Ser residue (Figure 1).
As a first attempt to determine if the proposed proteinproduced the alignment shown in Figure 1. A glycine
corresponding to G255 in the T4 DNA polymerase (indi- sequence similarities mean similar function, the S. cere-
visiae G447S-DNA pol d was constructed by site-directedcated by a star in Figure 1) is found in the turn region
of a b-hairpin structure for all three DNA polymerases. mutagenesis. Residue G447 in the yeast DNA pol d ap-
pears to be analogous to G255 in the T4 DNA polymer-Protein sequence comparisons were then extended to
DNA polymerases for which there is no structural infor- ase (Figure 1); thus, the yeast G447S-DNA pol d was
predicted to have reduced proofreading as observed formation at this time: the Vent DNA polymerase, Esche-
richia coli DNA pol II, and the S. cerevisiae and human the T4 G255S-DNA polymerase. Construction of the
pol3-447 allele to encode the yeast G447S-DNA pol d wasDNA pol d’s (Figure 1). The sequence alignments begin
with a highly conserved exonuclease motif (Spicer et achieved by using standard site-directed mutagenesis
procedures, which are described in materials andal. 1988; Wang et al. 1989; Braithwaite and Ito 1993).
The conserved Asp residue, residue D219 in the T4 methods section. Growth rates were the same for the
mutant and wild-type yeast strains and the mutant strainDNA polymerase, is located in the exonuclease active
center. Although there are only a few identical or similar was not temperature sensitive (Hadjimarcou 1999).
The G255S substitution in the T4 DNA polymerase alsoresidues in the sequences that follow the conserved exo-
nuclease motif for the DNA polymerases compared, does not impair the polymerization reaction or confer
a temperature-sensitive phenotype (Stocki et al. 1995).amino acid residues important for forming a b-turn-b
structure appear to be conserved. A Gly residue (indi- DNA replication fidelity by the T4 G255S-DNA polymer-
ase and the yeast G447S-DNA pol d are described below.cated by a star), corresponding to G255 in the T4 DNA
polymerase, is present in the turn region of the RB69 Base substitution and frameshift mutagenesis by the
T4 G255S-DNA polymerase and the exonuclease-defi-and DTOK b-hairpins and a Gly residue is also present
in the proposed b-hairpins in the Vent DNA polymerase, cient D324G-DNA polymerase: Although a strong muta-
tor phenotype was observed for the T4 G255S-DNA poly-E. coli DNA pol II, and in the yeast and human DNA
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TABLE 1
Base substitution and frameshift mutation frequencies for wild-type and mutant bacteriophage
T4 DNA polymerases
Mutation frequenciesa
Transition Transversion Misalignment Misalignment
(rIIUV199oc)b (rIIP7oc)b (rII131)b (rII117)b
DNA pol (AT → GC) (AT → TA, CG) (A)5 → (A)6c (A)5 → (A)6c
Wild type 0.9 3 1026 (1) 0.8 3 1029 (1) 0.4 3 1026 (1) 0.6 3 1026 (1)
G255S 91.0 3 1026 (101) 210.0 3 1029 (262) 3.0 3 1026 (7) 12.0 3 1026 (20)
D324G 70.0 3 1026 (78) 224.0 3 1029 (280) 60.0 3 1026 (150) 125.0 3 1026 (208)
a Mutation frequencies relative to the wild-type T4 DNA polymerase are indicated in parentheses.
b The rII alleles are described in the text.
c The (A)5 → (A)6 11 frameshift mutation is the most frequent mutation, but other misalignment mutations
have also been detected as described in the text.
merase by previous reversion and forward mutation tests These results show that the G255S-DNA polymerase,
which is defective in forming the partially strand-sepa-(Reha-Krantz 1988; Stocki et al. 1995), the types of
mutations produced were not fully characterized. DNA rated editing complex, is more prone to base substitu-
tion mutations than to frameshifts. The exonuclease-replication fidelity by the T4 G255S-DNA polymerase
for specific types of mutations is reported in Table 1 deficient D324G-DNA polymerase, on the other hand,
which can form the editing complex but is defective inand is compared to the replication fidelity by the exo-
nuclease-deficient D324G-DNA polymerase, which has the hydrolysis reaction, is a strong mutator for both base
substitution and frameshift mutations. Thus, amino acida glycine substitution for an essential aspartate in the
exonuclease active center (Reha-Krantz and Nonay substitutions that affect different steps of the proofread-
ing pathway have different effects on base substitution1993). The hydrolysis reaction by the D324G-DNA poly-
merase is reduced z104-fold compared to the wild-type and frameshift fidelity.
Frameshift fidelity by the S. cerevisiae wild-type andT4 DNA polymerase (Elisseeva et al. 1999).
Transition and transversion mutation frequencies G447S-DNA pol d’s: DNA replication fidelity in yeast
was determined by two methods: (1) reversion of thewere increased z100- to 200-fold for the G255S- and
D324G-DNA polymerases compared to the wild-type T4 his7-2 allele, which reverts primarily by a 11 frameshift
mutation to expand the tract of seven As to eight, (A)7 →DNA polymerase (Table 1). While very similar mutation
frequencies were observed for the G255S- and D324G- (A)8, which is the wild-type sequence (Hadjimarcou
1999; Shcherbakova and Kunkel 1999), and (2) by aDNA polymerases for base substitution errors, a lower
frameshift mutation frequency was observed for the forward mutation test for production of mutations that
confer resistance to canavanine (Canr). The Canr muta-G255S-DNA polymerase compared to the D324G-DNA
polymerase (Table 1). A 7-fold increase in 11 frame- tion assay detects both base substitution and frameshift
mutations since any mutation that inactivates the argi-shifts compared to the wild-type DNA polymerase was
detected at the rII131 site for the G255S-DNA polymer- nine permease will prevent the uptake of canavanine
into the cell. Mutation rates were determined by thease and a 20-fold increase was observed at the rII117
site; however, much larger 150- to 200-fold increases method of the median (Lea and Coulson 1949) from
30 or more independent cultures.were observed for the D324G-DNA polymerase. Some
of the rII1311 and rII1171 revertants were sequenced. No significant differences in mutation rates for pro-
duction of His1 revertants or Canr mutants were ob-For the wild-type T4 DNA polymerase, 67% (14/21) of
the rII1311 revertants were 11 frameshifts that ex- served between the wild-type and pol3-447 strains (Table 2).
These mutation rates, however, do not provide a truepanded the run of five As to six, (A)5 → (A)6, which
restores the wild-type sequence. The other revertants measure of replication errors made by DNA pol d since
many errors will be corrected by postreplication mis-were pseudorevertants with mutations at nearby sites:
four 11 frameshift mutations, one 22 deletion, and two match repair, which is present in yeast and in many
other organisms, but not in phage T4. Replication fidel-complex duplications. For the G255S-DNA polymerase,
94% (15/16) of the rII1311 revertants restored the wild- ity by the G447S-DNA pol d was measured in an msh2
background since the Msh2 protein is required for re-type sequence from (A)5 → (A)6 and a similar number,
92% (11/12), was detected for the D324A-DNA poly- pair of both single-base mispairs and insertion/deletion
mispairs (Marsischky et al. 1996). An z30-fold increasemerase. Less sequencing was done at the rII117 site,
but 75% or more of the revertants were 11 frameshifts, in the Canr mutation rate was observed for the msh2
strain compared to the wild-type strain and a 170-fold(A)5 → (A)6, that restored the wild-type sequence.
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TABLE 2 pected to be strong enough to be detected in the pres-
ence of postreplication mismatch repair, mismatch re-Mutation rates for the wild-type and G447S-DNA pol d in the
pair may be sufficient to correct base substitution errorspresence and absence of postreplication mismatch repair
made by a weak mutator DNA polymerase. The Msh6
protein is required for repair of base substitution errorsMutation rates
(Marsischky et al. 1996); thus, inactivation of the
his7-2 CAN1 MSH6 gene is expected to reveal base substitution errorsStrain (A7 → A8) (fs, base substitution)
made by the wild-type and G447S-DNA pol d’s. An approxi-
Wild type 7.1 3 1029 3.1 3 1027 mately sevenfold rate increase in Canr mutants was ob-
pol3-447 5.9 3 1029 2.8 3 1027 served for the msh6 strain compared to the wild-type
Relative ratesa 0.8 0.9 strain (Table 2) and 95% (19/20) of the Canr mutantsmsh2 1.2 3 1026 1.0 3 1025
were base substitutions (Table 3); however, no signifi-msh2 pol3-447 2.0 3 1027 3.5 3 1026
cant differences were seen for the msh6 pol3-447 strain.Relative ratesb 0.17 0.35
Thus, the yeast G447S-DNA pol d does not appear to(antimutator) (antimutator)
msh6 2.1 3 1028 2.2 3 1026 be a mutator for base substitution errors, but we cannot
mush6 pol3-447 1.7 3 1028 2.5 3 1026 rule out the possibility that replication errors made by
Relative ratesc 0.81 1.14 the G447S-DNA pol d may be repaired by another proof-
reading exonuclease activity, such as by DNA pol εa Mutation rate in the pol3-447 strain divided by the mutation
rate in the wild-type strain. (Morrison and Sugino 1994).
b Mutation rate in the msh2 pol3-447 strain divided by the
rate in the msh2 strain.
c Mutation rate in the msh6 pol3-447 strain divided by the DISCUSSION
rate in the msh6 strain.
Genetic (Reha-Krantz 1988; Stocki et al. 1995), bio-
chemical (Marquez and Reha-Krantz 1996; Baker
and Reha-Krantz 1998), and structural (Shamoo andrate increase was observed for reversion of the his7-2
allele (Table 2). Fewer Canr mutations and his7-2 rever- Steitz 1999) studies of the phage T4 and the closely
related phage RB69 DNA polymerase demonstrate atants were observed for the msh2 pol3-447 strain com-
pared to the msh2 strain (Table 2); the Canr mutation critical role for the G255 b-hairpin structure in the
proofreading pathway. Substitution of serine for residuerate was z3-fold lower and the his7-2 rate was z5-fold
lower. The lower mutation rates observed for the msh2 G255 in the turn region of the b-hairpin structure in
the T4 DNA polymerase (Figure 1) results in a strongpol3-447 strain compared to the msh2 strain are signifi-
cant by the Fisher exact test (P , 0.0001) for both the mutator phenotype for base substitution errors and a
weaker mutator phenotype for frameshifts (Table 1).his7-2 reversion assay and for production of Canr mu-
tations. Although the T4 G255S-DNA polymerase can hydrolyze
single-stranded DNA and duplex DNAs that have pre-Ten independent His1 revertants arising in the msh2
strain and 10 His1 revertants arising in the msh2 pol3- formed strand separations at the primer terminus (Mar-
quez and Reha-Krantz 1996), the reduced ability of447 strain were sequenced. All 20 His1 revertants were
11 insertions, A7 → A8, which restored the wild-type the G255S-DNA polymerase to convert duplex DNA to
the strand-separated editing complex imposes a highersequence. Twenty independent Canr mutants for the
wild-type, pol3-447, msh2, and msh2 pol3-447 strains (80 kinetic barrier to the proofreading pathway (Baker and
Reha-Krantz 1998). As a consequence, the G255S-DNAtotal) were sequenced (Table 3). In the presence of
active mismatch repair, most of the Canr mutations were polymerase proofreads mismatched primer termini less
frequently and there are more DNA replication errors.single-base substitutions, but most of the mutations for
the msh2 strains were single-base insertion/deletion mu- The discovery of a similar b-turn-b structure in the
exonuclease domain of an archaeal DNA polymerase,tations, primarily 21 deletions in short mononucleotide
repeat sequences, as observed by Marsischky et al. the DTOK DNA polymerase (Zhao et al. 1999), is consis-
tent with the proposal that proofreading is assisted by(1996). Thus, the reduction in Canr mutation rate for
the msh2 pol3-447 strain is due primarily to a decrease a b-hairpin structure in other DNA polymerases. The
T4, RB69, and DTOK DNA polymerases are membersin frameshifts in short homopolymeric tracts.
Base substitution fidelity by the S. cerevisiae wild-type of a large family of protein-sequence-related DNA poly-
merases, which includes the eukaryotic DNA pol d, anand G447S-DNA pol d’s: A strong mutator phenotype
for base substitution mutations was expected for the essential DNA polymerase for chromosome replication
(Sitney et al. 1989). Protein sequence alignments wereG447S-DNA pol d as observed for the T4 G255S-DNA
polymerase (Table 1). The Canr mutation rates for the carried out for the T4, RB69, and DTOK DNA polymer-
ases for which structural data are available and werewild-type and pol3-447 strains, however, are indistinguish-
able (Tables 2 and 3). Although the base substitution compared to the protein sequences of the Vent DNA
polymerase, E. coli DNA pol II, and to the yeast andmutator phenotype for the G447S-DNA pol d was ex-
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human DNA pol d’s (Figure 1). Although there is only interesting because of the location of the G447S substitu-
tion in the proofreading 39 → 59 exonuclease domain sincelimited sequence similarity in the region of the b-turn-b
structure, amino acid residues that demarcate b-strands antimutator alleles of the T4 DNA polymerase (Nossal
1998) and the E. coli DNA pol III holoenzyme (Schaaperand a-helices in the T4, RB69, and DTOK DNA polymer-
ases appear to be conserved in the other DNA polymer- 1993) have amino acid substitutions in protein domains
that function in nucleotide incorporation and transloca-ases compared. A star in Figure 1 indicates the position
of residue G255 in the turn of the b-hairpin of the T4 tion. The G255S substitution in the T4 DNA polymerase
also affects base substitution and frameshift fidelity dif-DNA polymerase and large boldface letters indicate this
residue and other apparent conserved residues. ferently; while a strong mutator phenotype for transition
and transversion mutations was detected, a weaker muta-To determine if the apparent conserved b-turn-b
structure in other DNA polymerases is important for tor phenotype was observed for 11 frameshifts in tracts
of five As (Table 1). In contrast, mutant T4 and yeastproofreading, as observed for the T4 DNA polymerase,
site-directed mutagenesis was used to construct the S. DNA polymerases defective in the hydrolysis reaction,
the T4 D324G-DNA polymerase (Table 1) and the yeastcerevisiae G447S-DNA pol d. The expectation was that the
yeast G447S-DNA pol d would confer a strong mutator D321A/E323A-DNA pol d, the pol3-01 allele (Morrison
et al. 1993), display strong mutator phenotypes for bothphenotype for base substitutions and a weaker mutator
phenotype for frameshifts, as detected for the T4 G255S- base substitution and frameshift mutations.
Base substitutions are believed to arise by misinsertedDNA polymerase (Table 1). DNA replication fidelity in
yeast was determined in vivo by reversion and forward nucleotides that are not corrected by exonucleolytic proof-
reading or by postreplication mismatch repair. Frame-mutation tests (Tables 2 and 3). A mutator phenotype
for base substitution errors was not detected for the yeast shifts, however, are believed to arise by transient mis-
alignment of the primer and template strands, mostG447S-DNA pol d, but an antimutator phenotype for 11
and 21 frameshifts in short homopolymeric tracts was likely in sequences with simple repeats (Streisinger et
al. 1966). Transient strand misalignments may also re-observed (Tables 2 and 3). The frameshift antimutator
phenotype was observed only in the absence of postrepli- sult in base substitutions (Kunkel and Soni 1988). In
both cases, the misaligned DNA strands form Watson-cation mismatch repair, which was achieved by inactiva-
tion of the MSH2 gene. These results will be discussed Crick base pairs at the primer terminus and, thus, would
be expected to be at least partially refractory to exonu-first with respect to the role of the b-hairpin structure
in the yeast DNA polymerase proofreading pathway and cleolytic proofreading.
Two models for production of misaligned DNA strandssecond with respect to the role of DNA polymerase
proofreading in frameshift mutagenesis. have been proposed: one model requires DNA polymer-
ase dissociation and the second occurs during processiveBecause a strong mutator phenotype for base substitu-
tion errors was not observed for the yeast G447S-DNA DNA replication. Since frameshift mutagenesis is stimu-
lated in in vitro assays by conditions that favor DNApol d, a b-hairpin structure may not exist or, if the
structure is present, the structure does not function in polymerase dissociation, strand misalignments are pro-
posed to either occur spontaneously when the DNAproofreading in the yeast DNA pol d as it does for the
T4 DNA polymerase. Alternatively, if yeast DNA pol d strands are unbound or to be formed during reassocia-
tion of the DNA polymerase to the primer templatehas a b-hairpin structure, as supported by the protein
sequence alignments (Figure 1), the serine substitution (Kunkel 1985b; Schlötterer and Tautz 1992; Kun-
kel et al. 1994; Bebenek et al. 1995). Replicative DNAfor G447 may not be sufficient to alter the yeast b-hairpin
structure as much as the G255S substitution alters the polymerases, however, are “clamped” to the DNA tem-
plate and do not readily dissociate (Hacker and AlbertsT4 b-hairpin structure. Additional mutational analysis
of the yeast DNA pol d is required to determine which 1994), which raises the possibility that strand misalign-
ments may occur during chromosome replication whileof the proposals is correct, but we favor the proposal
that the yeast DNA pol d has a b-hairpin that functions the DNA polymerase remains bound. Misalignment er-
rors have been detected in in vitro reactions during thein proofreading since the G447S substitution does affect
DNA replication fidelity (Tables 2 and 3). The antimuta- highly processive replication by the T4 DNA polymerase
holoenzyme (Kroutil et al. 1998). DNA polymerasestor phenotype of the G447S-DNA pol d most likely indi-
cates a direct role of DNA pol d in frameshift mutagene- have a potential opportunity to produce strand misalign-
ments during exonucleolytic proofreading when the 39sis; an indirect role would involve the G447S substitution
allowing proofreading by another, more accurate DNA end of the primer strand is separated from the template
and transferred to the exonuclease active center (Figure 2).polymerase.
The antimutator phenotype observed for the yeast Normally, the primer end is returned to the polymerase
active center after exonuclease trimming so that correctG447S-DNA pol d for frameshift mutations, but not for
base substitutions, emphasizes the differences in the base pairing with the template strand is restored. We
(Hadjimarcou 1999) and others (Fujii et al. 1999)mechanisms responsible for producing the two types of
mutations. The antimutator phenotype is even more have proposed that the primer terminus may sometimes
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be returned to the polymerase active center misaligned and Reha-Krantz 1996; Baker and Reha-Krantz 1998).
Reduced formation of the editing complex would meanand that the misalignment could be stabilized by com-
plementary but out-of-register base pairing within re- less strand separation and could account for the weak
mutator phenotype for 11 frameshifts observed for thepeat sequences (Figure 2). Extension of the misaligned
primer template would then result in the expansion or T4 G255S-DNA polymerase instead of the strong muta-
tor phenotype observed for the exonuclease-deficientcontraction of the number of repeat units depending on
whether the misalignment was in the primer or template D324G-DNA polymerase, which can readily form the
editing complex (Table 1). If this proposal is true, thenstrands.
The G255S substitution in the T4 DNA polymerase the weak mutator phenotype for 11 frameshifts for the
G255S-DNA polymerase may indicate two pathways forproduces a mutant enzyme with decreased ability to form
the partially strand-separated editing complex (Marquez formation of frameshifts. One pathway would be depen-
dent on forming the editing complex, which would be
reduced by the G255S substitution, and a second path-
way that would be due to extension of preformed misa-
ligned DNA strands, which would be increased for the
G255S-DNA polymerase. There is evidence that active
proofreading can stimulate formation of mutations. Ex-
onuclease activity is required for dinucleotide expan-
sion catalyzed by the T4 DNA polymerase in an in vitro
assay (Fidalgo da Silva and Reha-Krantz 2000) and
for “misalignment misincorporation” catalyzed by the
E. coli DNA pol III holoenzyme (Bloom et al. 1997).
Antimutator DNA polymerases provide an opportu-
nity to learn how DNA replication errors are made. The
frameshift antimutator G447S-DNA pol d differs from
the T4 antimutator DNA polymerases, which sharply reduce
AT → GC transitions, but have little effect or may even
increase other types of mutations (Drake and Green-
ing 1970; Ripley 1975; Ripley and Shoemaker 1983;
Reha-Krantz 1995). The yeast G447S-DNA pol d also
differs from the E. coli dnaE antimutators, which reduce
transitions, but not transversions or frameshifts (Schaaper
1993). These results indicate that mechanisms for pro-
ducing transitions, transversions, and frameshifts may
be different, as proposed by Drake (1993). Another
implication of the frameshift antimutator G447S-DNA
pol d is the link between frameshift mutagenesis and
Figure 2.—Strand misalignment during DNA polymerase
proofreading. (A) At the initiation of exonucleolytic proof-
reading, the 39 end of the primer strand is transferred from the
polymerase active center, which is illustrated by a semicircle, to
the exonuclease active center, which is illustrated by a ,. The
editing complex is stabilized by the b-hairpin structure. The
terminal phosphodiester bond is cleaved at the position of the
arrow to release the 39 nucleotide, which is 5A in the illustration.
(B) The “trimmed” primer terminus is then returned to the
polymerase active center. Although correct reannealing of the
primer and template strand normally occurs, we propose that
strand misalignments are possible. Strand misalignments may
be stabilized if Watson-Crick base pairing is possible, as is
the case for strand misalignments in sequences with simple
repeats. Primer extension of the misaligned primer template
in this example results in expansion of the tract of five As to six.
A repositioning of the template strand within the polymerase
active center is indicated, which would increase the likelihood
of producing a misalignment, but there is no experimental
evidence at this time to support such movement.
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